for estimation of lactate, and lactate dehydrogenase reactors for estimation of pyruvate give reliable and reproducible results with high precision at low cost. 
Materials and Methods
In our preliminary trials we used a peristaltic pump ("var- 
Procedures
Both the LDH reactor and LDH-ALT reactor were made of nylon-polyethyleneimine copolymer according to the original method of Sundaram and Apps (11) .
The copolymer itself is made as described by Sundaram et al. 
Analytical Methods
To find the optimal conditions for routine use, we characterized the pH dependence and kinetic properties of the LDH reactor as follows: 1 mmol/L pyruvate was made up in phosphate buffer (0.1 molfL) of various pH values containing, per liter, 1 mmol of EDTA and 0.6 mmol of NADH, and pumped through the reactor at a flow-rate of 0.32 mL/min.
From this experiment we determined the pH optimum and the kinetic parameters.
In the case of lactate estimation, the pH optimum for the LDH-ALT reactor was determined by using phosphate buffer (0.1 mol/L) up to pH 8 and bicarbonate buffer (0.1 mol/L) between pH 8 and 10. We used 1 mmol/L lactate, 0.66 mmol/L NAD, and 9 mmol/L glutamate as substrates in this experiment; again, the flow rate was 0.32 mL/min.
Routinely performed analyses with a Technicon AutoAnalyzer.
For both pyruvate and lactate determinations, we connected the sampler, pump, and analytical cartridge of a Technicon AutoAnalyzer I to an Eppendorf spectral line photometer and Eppendorf plotter 4412, used with a fourfold extension of sensitivity for pyruvate and a 10-fold extension of the sensitivity for lactate. The decrease in absorbance (pyruvate) or increase in absorbance (lactate) at 334 nm gave a measure of the concentration of the two metabolites. For both pyruvate and lactate, 40 samples/h with a sample to wash ratio of 2:1 was chosen for an optimal wash-out.
During the reaction the immobilized enzyme reactors were maintained at 25 #{176}C; they were stored at 4 #{176}C, filled with the storage buffer mentioned earlier.
Results and Discussion
In the determination of pyruvate with a LDH reactor, the pH optimum for the reaction was found to be pH 8.0 with an apparent Km of 340 smol/L for pyruvate. Sundaram (12, 13) has extensively studied the kinetics of the reaction catalyzed by a LDH reactor in the conversion of pyruvate to lactate and found that the reaction is considerably perturbed by diffusion.
This is reflected in the increase in apparent
Km with increase in diffusional control and decrease in flow rate of the substrate. For this reason we studied the flow-rate dependency of turnover of substrate (Figure 1 ). This flow-rate dependency curve has a biphasic character. As seen from the micromoles of pyruvate converted per minute, the turnover increases with flow-rate and has not reached a maximum up to 1.35 mL/min, the highest flow-rate we tried. This means that catalysis is still not independent of diffusion. In the flow-diagram adapted in this study, the dialyzed serum flows through the LDH reactor at 1.2 mL/min. Although Figure 1 implies that higher turnover may be achieved at even higher flow-rates, which will also speed up the rate of analysis, this will only be at the expense of an efficient wash-out. Thus in routine use, when the LDH reactor is used in combination with an AutoAnalyzer, optimum conditions of operation are chosen such that (a) the reactor displays sufficient activity, (b) the apparent Km is sufficiently high but not too high to cause reactor performance to be crippled by diffusion, and (c) the flow-rate chosen permits analysis at the rate of at least 40 samples per hour. Figure 2 depicts the flow diagram. Figure 3 shows a regression analysis, comparing the performance of the LDH reactor method for pyruvate estimation with an AutoAnalyzer method in which LDH is used in solution. The flow diagram used in the latter case is the same as in Figure 2 except that the LDH reactor is deleted from the circuit and 10 kU of LDH (spec. acty., 55 kU/g of protein) per liter is added to solution II.
For 125 sera with pyruvate in the concentration range of 30 to 1000 ismol/b, the correlation coefficient was 0.997, and the equation for the line of regression was y = 1.08 lx -2.5. Analysis showed within-day precision (CV) for an 80 /zmol/L pyruvate concentration to be 3.3%; for a 60 zmol/L pyruvate concentration it was 3.5%. did not work satisfactorily with a LDH reactor, for reasons not clear. This is why we decided to estimate lactate by coupling the reaction to ALT. Routine analyses were performed at pH 9.4, the optimum pH for this coupled enzyme reactor with an apparent Km of 290 tmol/L for lactate. Figure 4 shows the relation between flow-rate and activity for the LDH-ALT reactor. In contrast to the pyruvate estimation with the LDH reactor in the present case, the activity-flow-rate profile is very different in that lactate conversion increases linearly up to 0.5 mb/mm and then rapidly attains a maximum at 0.9 mL/min and becomes constant. Thus above 0.9 mL/min the reaction is independent of flow rate and diffusion. The fact that this happens at a relatively low flow rate is not surprising, because in this coupled-enzyme system pyruvate production is in the unfavorable direction of the reaction catalyzed by LDH, the amount of the intermediate pyruvate available for the production of alanine and 2-oxoglutarate is low and this controls the system. In other words, with increased production of pyruvate the flow rate at which the reaction attains a plateau should be higher because increase in flow-rate increases turbulence and enhances catalysis. Results of precision analysis were satisfactory. Within-day precision (CV) for a 5.9 mmol/b lactate concentration was 3.1%; for 8.6 mmol/L lactate concentration it was 2.4%. Day-to-day precision (CV) for a 2.5 mmol/L lactate was 4.9% and for 4.9 mmol/L lactate it was 4.3%.
LDH-GPT
Washout between a sample of 10 and 2 mmol/b amounted to 0.2 mmol/L, or 10%, for 20 such sample pairs. The kinetics of the coupled enzyme system are puzzling, because a plot of rate vs. substrate concentration always looks biphasic, the change in slope occurring at about 4 mmol of lactate per liter when the concentrations of glutamate and NAD+ were varied within a wide range. Even a large excess of both these substrates does not eliminate this feature. We are investigating this problem further.
As recently pointed out by Daka and Laidler (14) , even a relatively simple reaction, the conversion of pyruvate to lactate by an LDH reactor, is evidently very complicated and appears as yet intractable to theoretical analysis. Suffice it to say that a reaction that involves three substrates, an intermediate, and three products (LDH-ALT reactor) is bound to have strict kinetic limitations. In spite of these problems, operational performance as shown by the correlation in regression analysis indicates that the immobilized coupled enzyme reactor meets the rigorous requirements of routine clinical laboratory use. Operational and storage stability.
The LDH-reactor is found to be very stable; it showed no significant loss in activity after use for 700 tests, and we think it will probably last for several thousand tests. After a reactor had been stored for 18 months at 4 #{176}C it still maintained considerable activity and was ready for use in the assay.
The LDH-ALT reactor was less stable, and we found this to be due to the aminotransferase. Nevertheless, the reactor maintained enough activity for at least four weeks, during which about 2000 tests were performed (Figure 7 ). Initial loss of activity during the first few days was probably due to the slow loss of minute amounts of enzymic protein more strongly adsorbed to the tube, which was not removed by the initial washing.
We conclude that immobilized-enzyme nylon tube reactors, We thank Mrs. R. Wassermann and Mr. H. 0. Pollm#{225}nn for excellent technical assistance.
